Purpose: The purpose of this study is to develop an in-bore radiofrequency (RF) power amplifier (RFPA) module with high power efficiency and density for use in parallel transmit (pTX) arrays at 3 Tesla. Methods: The modules use a combination of current mode class D, class S, and class E amplifiers based on enhancementmode gallium nitride-on-silicon field-effect transistors. Together the amplifiers implement envelope elimination and restoration to achieve amplitude modulation with high efficiency over a wide operating range. The static nonlinearity and power efficiency of the module were measured using pulsed RF measurements over a 37 dB dynamic range. Thermal performance was also measured with and without forced convection cooling. Results: The modules produces peak RF power up to 130 W with an overall efficiency of 85%. When producing 100 W RF pulses at a duty cycle of 10%, maximum junction temperatures did not exceed 80 C, even without the use of heatsinks or forced convection. Conclusion: The small size and low cost of the modules promise lower cost implementation of pTX systems compared with linear RFPAs located remotely. Further work must be done on control of the RF output in the presence of nonlinearities and coupling. Magn Reson
INTRODUCTION

Local Amplifiers for Parallel Transmit
Radiofrequency (RF) excitation using an array of parallel transmit (pTX) coils has been proposed as a solution to challenges associated with very high field (VHF) and ultra high field (UHF) MRI, including B 1 inhomogeneity (1-3) and SAR management (3) (4) (5) (6) (7) . This is predicated on the ability of the transmit array to accurately produce independent RF pulses on each channel. This control is complicated by several matters, including subject loading, RF chain nonlinearity, and coupling between channels. Numerous techniques have been explored to address array coupling and linearity. These include cancellation by predistortion (8) (9) (10) , coil current feedback (11) (12) (13) , and RF power amplifiers (RFPAs) with high power mismatches on their outputs (14, 15) .
A second major challenge of pTX is the numerous RF power cables required to carry RF power from the RFPAs (typically located outside the scanner room) to the array elements. Long RF power cables cause power loss in the array, and also contribute significant size and cost to the system (16) . Additionally, the use of long cables is problematic for the previously mentioned decoupling methods. Losses in the cables decrease the effectiveness of amplifier decoupling using power mismatch. Feedbackbased approaches require current or field sensors on each element, and these sensors must have their own cables leading back to the array controller(s), adding additional cost and complexity.
To address these challenges, it has been proposed to locate the RF power amplifiers on or near the array elements rather than remotely (14, (16) (17) (18) . Multiple long RF power cables could be replaced with a single shared DC power feed, which would be much more power efficient. The RF inputs to the amplifiers would be delivered over small, low-power RF cables. Additionally, locating the RFPAs closer to the transmit coils would simplify coil current measurement and feedback. Overall, the amount of cabling entering the scanner bore could be greatly reduced.
However, locating the power amplifiers inside or near the magnet bore also presents new engineering challenges. In particular, heating near the patient and cryostat must be limited. Also, the amplifiers must be operable within a strong magnetic field, and must not introduce significant B 0 distortion in the imaging volume.
To address the restrictions of near-coil amplifiers, it was proposed by Heilman et al (19) to use the current mode class D (CMCD) amplifier topology, which boasts higher power density and efficiency than the more common class AB RFPAs, for a high-efficiency on-coil amplifier. Later work by Guidino et al (12) showed the use of the CMCD topology in combination with modulation by means of the Kahn technique (20) and output current magnitude feedback (OCMF) in a compact in-bore transmit amplifier module. Previously we demonstrated the use of enhancement-mode gallium nitride-on-silicon field-effect transistors (eGaN FETs) as a replacement for laterally diffused metal oxide semiconductor (LDMOS) FETs in a prototype 63.6 MHz CMCD amplifier module (21) . Here, we will demonstrate a new design for in-bore operation at 123.25 MHz (3 Tesla [T]). We will show that eGaN FETs offer extremely high power efficiency and density for switchmode RFPAs at 123 MHz.
CMCD Topology
Evaluating the utility of amplifiers for MRI transmit requires an overview of the unique needs of the MRI experiment. First, MRI transmit requires the RFPA to operate with a high peak to average power ratio (PAPR). Most RF pulse shapes are similar to a windowed sinc pulse, with a duration normally on the order of milliseconds (22) . An example sinc pulse with two zero crossings (N ¼ 2) and a Hanning window will have a PAPR of 7 dB. The overall amplitudes of the pulses may also vary by over an order of magnitude within a sequence. These factors together result in high overall PAPR for the MRI experiment. Many RFPAs used in MRI pTX systems are typically linear classes such as A, B or AB. Class A and B amplifiers have theoretical maximum efficiencies of 50% and 79%, respectively, with class AB lying in between, depending on the conduction angle. The maximum efficiency occurs at the maximum output power. Below the maximum output power, efficiency scales by a factor of Pout=Pmax for class A and ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi Pout=Pmax p for class B. Therefore, class AB amplifiers will have lower overall power efficiency as PAPR is increased (23) , which typically makes class AB amplifiers unsuitable for in-bore MRI RFPAs without substantial cooling systems. Previously, it has been shown that envelope tracking can be applied to the class AB amplifier to improve power efficiency across a wider power range, but the amplifier is still limited to its theoretical efficiency constraints (24) .
Second, the RF power must be delivered into the bore of the MRI scanner, which is a restricted space with a powerful static magnetic field. Heat dissipation must be limited to protect the subject and the magnet itself. Given that VHF and UHF MRI systems may require total RF power of over 30 kW, even modest inefficiencies can result in a large amount of heat dissipated in the bore.
Both of these issues can be addressed by using a highefficiency switchmode amplifier topology. In particular, the CMCD topology (25) has been demonstrated in past work for MRI transmit applications (12, 19) . In the CMCD topology, two transistors are operated as passive switches rather than as dependent current or voltage sources. When properly tuned, the drain voltage approximates a halfsinewave with peak amplitude of p Á V B , where V B is the drain bias voltage. The circuit is ideally tuned to achieve zero voltage switching (ZVS), which eliminates losses due to hard switching of C OSS , unlike in the voltage mode class D (VMCD) topology where C OSS causes significant losses. The CMCD is theoretically capable of operating at 100% efficiency over its full output power range. In practice, the losses in a properly tuned CMCD amplifier consist only of conduction in the transistors and surrounding passive components, and dissipation required for gate drive.
The primary disadvantage of the CMCD topology is that amplitude modulation can only be efficiently implemented with the Kahn technique (20) , whereby the bias voltage V B to the amplifier is varied. This may result in poor linearity when implemented with real devices. However, nonlinearities can, in principle, be corrected with control methods such as predistortion and output feedback. Power inefficiency, on the other hand, cannot be recovered with such control techniques. Therefore, we propose that for in-bore amplifiers, power efficiency should take precedence over linearity.
eGaN FETs
Linear and switchmode power amplifiers put different requirements on the power transistors. Linear amplifier classes such as classes A, B, and AB operate their FET(s) mainly in the saturation region, and benefit from high transconductance, high breakdown voltage, low distortion, and high transition frequency. Switchmode RFPAs, on the other hand, operate their FET(s) mainly in the cutoff and Ohmic regions, and benefit more from low R DS(on) , low junction capacitances, high breakdown voltage, and fast switching speeds. With the exception of breakdown voltage, these sets of parameters are not necessarily well correlated, and thus devices optimized for linear amplifiers, including the majority of LDMOS devices, are not necessarily suitable for use in the CMCD topology.
In previous work (21), we introduced the use of eGaN FETs for use in the CMCD topology in an attempt to improve upon LDMOS for an on-coil RFPA. eGaN FETs are capable of improved performance relative to Si due to the inherently superior material characteristics of GaN, which has a higher electron mobility, saturation velocity, and breakdown voltage than Si devices can achieve (26) . Additionally, eGaN FETs were originally optimized for switchmode power conversion rather than linear amplification. Table 1 shows a comparison of several performance parameters between three eGaN FETs (EPC2007, EPC2012C, and EPC2038 from EPC Corporation) and two LDMOS RF FETs, (MRF136 from MA-COM Technology Solutions and the MRF6V2010NR1 from Freescale Semiconductor). The EPC2007 and EPC2012C have far lower on-state resistance than the LDMOS devices, suggesting they are capable of handling much higher current. Their output capacitance is, however, significantly higher, which limits their operating frequency. In contrast, the EPC2038 has similar on-state resistance to the LDMOS FETs with much lower C OSS , suggesting it could provide similar currents but at much higher frequencies.
The benefits of the underlying eGaN FET technology is evident in the product of R DS(on) and C OSS for each device. This figure of merit is at least 6 times lower than either LDMOS device at similarly rated V DSS . The eGaN devices were also far smaller than the LDMOS devices, which is convenient for on-coil amplifiers where space is limited. The die packaging of eGaN FETs is also more suitable to the CMCD topology due to its minimal equivalent series inductance. However, the small package size also limits heat transport from the devices, which may limit overall power capability. The cost of eGaN FETs is also less than LDMOS FETs with equivalent output power ratings. Figure 1 shows a photograph of the RFPA module. The module was designed to operate as a standalone module requiring only a single RF control input as well as external fixed DC sources. The module should produce an amplitude modulated RF output which is proportional to the low power RF input. Thus, from a black box perspective, the module performs much like a linear RF power amplifier. To achieve this, the envelope elimination and restoration technique is used (20) . Figure 2 shows a block diagram of the module's architecture. The module is constructed using two separate printed circuit boards (PCB) in a stacked configuration. The bottom PCB contains all the low power control and signal conditioning systems, while the top PCB contains the higher power circuitry, including the class S amplifier, CMCD stage, and class E gate drivers.
METHODS
Architecture
The module is fed DC power over three coaxial cables. Two cables carry þ 6 V and -11 V which are converted to þ5 V and -10 V on the module by low dropout linear regulators to bias the low power circuitry. A third cable carries V S , the bias for the class S amplifier (typically V S ¼ 48 V DC). A fourth coaxial cable is used to carry the RF reference to the module from the scanner's RF synthesizer. In principle, only one DC power supply is necessary, and the RF reference could also use the same cable, thus allowing the module to operate with only one coaxial cable. Separate cables were used in this work to easily distinguish power drawn by different parts of the module.
Envelope Elimination
Unlike the module described in Gudino et al (12) , in which control signals were generated from a nonstandard, external data timing generator in polar form (consisting of a RF carrier and a baseband envelope signal) and transmitted by means of fiber optic cable, our module is intended to be used with the modulated RF output of the standard MRI synthesizer, referred to here as the RF reference (RF REF In the idle state, the RF preamplifier chain is deactivated, the class S amplifier is disabled, and the PIN diode driver output is at -10 V. Total power comsumption from the þ5/-10 V supply rails was 2.05 W in the active state and 0.23 W in the idle state.
Envelope Restoration
The magnitude of the module's output is controlled through the Kahn technique, whereby the magnitude of the RF output is modulated by controlling the bias voltage V B of the CMCD stage. As in previous work, the modulation of V B is done using a class S amplifier consisting of a half bridge inverter and a LC output filter. The filter inductor was 4.26 mH and the output filter capacitor was 2.5 mF. The filter choke was wound on a 3D printed toroidal former with 40 turns of AWG 28 magnet wire. V B was connected to the CMCD stage using 150 nH chokes which used M5 nylon nuts as toroidal formers with 12 turns of AWG 22 magnet wire. Toroidal chokes were used to carry large DC currents to mitigate their distortion on the static field and to minimize the resulting Lorentz forces. To accommodate the higher power and voltage required by the 3T design, the class S amplifier uses EPC2007C eGaN FETs.
Previous work made us of OCMF. In OCMF, the measured magnitude of the coil current is compared with the magnitude of the RF REF , and a negative feedback loop varies the bias voltage V B to the RFPA to force them to be proportional. This was done to reduce AM-AM nonlinearity in the amplifier and reduce the effect of coupling and load variation on coil current. However, subsequent work (27) demonstrated that OCMF is limited because it cannot correct the phase of the RF output. However, it was also shown that amplifier decoupling with passive impedance transformers can be more effective overall at suppressing deviation in output current. While the control board was able to accommodate the necessary circuitry to implement OCMF, we chose not to make use of it for this work based upon these findings.
The V B controller in the 3T module consists of a type III error amplifier whose output feeds a 1.25 MHz PWM modulator, which drives the class S amplifier. The negative input of the error amplifier is fed by an attenuated V B , while its positive input is fed by V REF . This forces V B to be proportional to the magnitude of RF REF . The Kfactor approach (28) was used to determine the error amplifier response to achieve a loop crossover frequency of 200 kHz and a 60 phase margin. NTC thermistors were also added nearby the eGaN FETs in the class S and CMCD amplifiers so that their temperatures could be estimated. The resistance of each thermistor is converted to a voltage by auxiliary circuitry on the control board, and these voltages were sampled during each RF pulse.
CMCD PA Stage
In addition to the doubling of the operating frequency, we targeted a two-fold increase in maximum output power (125 W) for the 3T module. We also wanted the 3T module's output to be compatible with unbalanced 50 V loads, in contrast to the 1.5T module which was meant to connect directly to a series resonant coil. Therefore, we made use of the EPC2012C eGaN FET (R DSON ¼ 100 mV, V DSS ¼ 200 V) as the power FETs in the CMCD stage. A 1:1 transmission line transformer was used to convert the balanced output of the CMCD into an unbalanced output. The magnetizing inductance of the balun (approximately 60 nH) also functioned as part of the tank inductance L T for the CMCD. Another shunt inductor L T2 was also used in parallel with the balun's primary to adjust the overall L T value for optimal efficiency at maximum output power. A PIN diode driver circuit is also coupled to the RF output with a bias tee, so that active PIN diode detuning can be used on the RF coil.
At such high operating frequencies, layout parasitics make implementing square wave gate drive waveforms impractical with discrete components. Instead, we use sinewaves to drive the gates of the eGaN FETs in the class E preamplifiers and the CMCD stage. Figure 3 shows a schematic of half of the differential RF chain on the power board.
One challenge specific to eGaN FETs is that there is little margin between the optimal gate drive voltage (5 V) and the absolute maximum rating of V GS (À4 V to 6 V). Overdrive of the gates must be avoided to prevent damage to the eGaN FETs, in contrast to LDMOS FETs which can typically withstand large overdrive. The eGaN FETs' gate impedance transformers were designed to limit V GS within this range.
Benchtop Characterization
The module was characterized with the use of a custom measurement instrument called the coupled network analyzer (CNA) (29) , which was designed for use with pulsed RFPAs. The CNA is capable of synthesyzing and measuring RF as well DC voltage and current. Measurements are performed in pulses with arbitrarily controllable timing parameters, allowing for fast, accurate, and consistent characterization. The RFPA was tested with a rectangular surface coil with dimensions 13 Â 12 cm. The coil is coupled to the RFPA with an impedance transformer similar to that used for low impedance preamplifiers (30) and a l=2 length of RG316 coaxial cable. Coil current was measured using a calibrated Pearson model 2877 current monitor. The coil was placed above a flat saline phantom with variable spacing h. The coil was tuned and matched to 50 V with h ¼ 1.0". To simulate the variable loading expected in MRI experiments, measurements were also taken with h ¼ 0.5" and h ¼ 3", as well as with the saline phantom removed. For each iteration, a VNA was used to measure the resistance at the coil terminals R C as well as the return loss of the coil and matching network. We also performed a measurement with the module driving a broadband 50 V attenuator (Minicircuits BW-40N100Wþ) followed by a 150 MHz lowpass filter which suppresses harmonic content. The total attenuation of the cables, attenuators, and filter is measured with a VNA to ensure accurate output power measurements.
The power efficiency and static nonlinearity of the RFPA was characterized by simultaneously measuring the class S amplifier's supply voltage and current (V S and I S ) as well as the module's RF output power during short pulses at various power levels. The measurements are performed 1 ms after the start of each RF pulse to let the module reach a quasi-steady state. One hundred millisecond gaps were used between pulses to prevent thermal drift from affecting the measurement results.
We also performed an experiment during which the RFPA was driven with long pulse trains at high output power while measuring board temperatures, output power (by means of the 50 V attenuator), and input power of the module. This allowed us to estimate the peak junction temperature of the FETs and observe the drift of RF output due to temperature drift. Each pulse lasted 5 ms with an output power of 100 W. The duty cycle of the pulse train was 10%, and the experiment lasted 20 min. This experiment was performed with the module sitting in open air, both with and without the use of forced convective cooling from a nearby AC fan with a rated airflow of 71 CFM (S109AP-11-2, Sinwan Electric Industries Co.). All measurements were conducted without any heatsinks mounted.
Imaging Experiment
We also performed an imaging experiment in which an RFPA module was used to produce RF pulses by means of the surface coil. The experiment was performed on a Siemens Verio 3T clinical scanner. The low power RF pulse from the scanner console was fed to an external preamplifier, which fed the RF REF input of the module. The module was located 45 cm from isocenter, near the edge of the bore, and connected to the surface coil by means of the trapped l=2 coaxial cable. The coil was placed on top of a flat saline phantom (h ¼ 1"), and a bottle of vegetable oil was placed above the coil. Images were acquired using a FLASH sequence with TE ¼ 2.3 ms, TR ¼ 50 ms, N AVG ¼ 10, and the matrix size was 256 Â 256 (FOV ¼ 400 Â 400 mm). The scanner's body coil was used for RF receive. Reference images were also acquired using the body coil for both transmit and receive, with TE ¼ 2.3 ms, TR ¼ 50 ms, N AVG ¼ 1, and 128 Â 128 matrix size (same FOV). The RF pulse used was a 1.2 ms sinc pulse with TBW ¼ 2. The peak power into the module's RF REF port was þ 14 dBm.
RESULTS
Time Domain
We measured the V DS and V GS of both CMCD FETs using a DSO6054a oscilloscope from Agilent Technologies and P6158 low capacitance probes from Tektronix. MHz bandwidth limit of the oscilloscope significantly distorts the V DS waveforms to the extent that ZVS cannot be accurately observed. Because of this, the fine tuning of the CMCD output tank was done based on maximizing efficiency near maximum output power.
The observed phase offset and amplitude of the V GS waveforms change significantly with power level. The apparent increase in V GS amplitude is due to parasitic inductance between the RF probe's ground and the eGaN FET's true source connection. The change in phase offset between V GS of the two FETs is not a measurement artifact, and is due to asymmetric AM-PM distortion in the two preamplifier chains. In practice, component values in class E preamplifiers' matching circuits were empirically adjusted so that the phase offset was 180 at maximum power.
Frequency Domain
Because the class S amplifier is a switching DC-DC converter, V B will contain some ripple voltage which will modulate the RFPA's output. The result is sidebands in the output spectrum at offset frequencies equal to the switching frequency of the class S amplifier (1.25 MHz and its harmonics). This is potentially problematic for MRI, as these sidebands may cause unwanted excitation of spins whose signal may contaminate the acquired images. To observe these sidebands, we connected the module's output to a signal analyzer (Agilent N9000A) by means of the broadband 50 V attenuator. The module output 20 ms pulses with varying RF REF power between -1 dBm and þ17 dBm. The SA was configured with a frequency span of 3 MHz and a readout bandwidth of 39 kHz. The SA was set to trigger on the RF pulse with 100 mS of trigger delay, and eight pulses were averaged at each power level. Figure 5a shows the acquired spectra for RF REF power levels of -1 dBm and þ17 dBm. Figure 5b shows the carrier and sideband power versus input power.
The sideband power peaks at roughly þ12 dBm, which corresponds to the class S amplifier operating near 50% duty cycle. Those familiar with DC-DC converters will find this unsurprising, as the ripple current of a buck converter in continuous conduction mode is maximized at D ¼ 50% (31) . The ratio between the carrier and sideband is maximized at the maximum power level (50.6 dBc at RF REF ¼ þ17 dBm) and was minimized as input power approached its minimum (31.5 dBc at RF REF ¼ -1 dBm).
In a simple slice-selective excitation, the sidebands will excite extra slices at offset given by:
For g ¼ 42.57 MHz/T and f SB ¼ 1.25 MHz and G S ¼ 70 mT/m, the slice offset is 42 cm, which is outside the FOV of typical 3D imaging sequences. So long as the slice is outside the FOV, its signal should be filtered out by the receive chain, resulting in no contamination. In the case of applications where out-of-FOV excitation is required, such as labeling in ASL (32), the sidebands may be mitigated by increasing the switching frequency of the class S amplifier or adding frequency dithering to the PWM controller. RF output as a function of RF REF power. The output magnitude is very linear with respect to the RF REF for input levels above -19 dBm. Below this point, the RF output power reaches a minimum due to the class S amplifier reaching its minimum on-time of 10 ns. Thus, the dynamic range ratio of the module's output power is 36 dB. There is also AM-PM distortion across the full power range. The AM-PM distortion at low power is due to the gate drive feeding through directly to the RF output by means of the C RSS of the eGaN FETs. The AM-PM distortion at higher power is due to the nonlinearity of C OSS versus V B .
Static Nonlinearity and Efficiency
The measured fundamental output power P O and dissipated power P Diss , as defined according to Equation [2] , are plotted in Figures 6c,d . Figure 6e shows the overall efficiency g O for each experiment, defined according to Equation [3] . P DC is the bias power to the RFPA, and P Q is the quiescent power consumed by the rest of the module in the active state (2.05 W). The attenuation of the l=2 cable feeding the coil is given by a, and was measured at -0.227 dB.
The experiment using the broadband 50 V load showed a maximum h 0 near 85% and a maximum load power of 131 W. When driving a matched coil load at h ¼ 1", the maximum h 0 was near 83% and the maximum P O was 138 W. When h is increased or the phantom is removed, the resulting coil current only increases slightly due to amplifier decoupling provided by the impedance matching network. P DISS also changes very little under light load conditions. This suggests that the CMCD stage does not dissipate reflected power from a mismatched load. While light load conditions do not present a problem to the module, increasing the loading by decreasing h below the optimal h ¼ 1" distance caused the load power and dissipated power to increase substantially. At h ¼ 0.5" h 0 drops to 77% while dissipated power increases to nearly 50 W. Therefore, when using such an impedance transformer, it is recommended to tune and match the coil to give an optimal match at the maximum expected loading condition.
We also repeated these measurements for frequency offsets up to Df ¼ 61 MHz with the broadband 50 V load and found that P O and g d varied by up to 12% and 1.5% over that range, respectively. However, for a narrowband load P O an g d will degrade for large Df, depending on the Q of the coil. When driving a tuned RF coil, the operating frequency range of the RFPA module will tend to be limited by the coil's bandwidth and not the RFPA. Figure 7 shows the results of the thermal drift experiment with and without forced air cooling. Based on the measured board temperatures T B , power dissipation, and ambient temperature (T A ¼ 22 C) we calculated the steady state board to ambient thermal impedance R uBA and the 90% thermal rise time t r(BA) of each stage, both with and without forced air cooling. We also used the transient thermal impedance data provided by EPC and the measured power dissipation to estimate the maximum junction to board temperature rise DT JB , and thus the peak absolute junction temperatures T J . Based on previous measurements, it was assumed that 75% of the total power dissipation was spread evenly between the two CMCD FETs, while the other 25% was in the upper FET of the class S stage. The results of this analysis are given in Table 2 .
Thermal Performance
Drift in the RF output is also of concern for this application. Figures 7c,d show the RF output magnitude and phase, respectively. These measurements are normalized to the initial value of each experiment. The magnitude of the RF output is seen to only drift up to 1%, but phase drift causes the overall error vector to drift by up to 11%.
Imaging Experiment
Figures 8a,b show images of the oil and water phantoms taken while using the RFPA for transmit and the body coil for receive. Figures 8c,d were acquired using the body coil for both transmit and receive. The transmit coil and RFPA module were present in the bore during all acquisitions. No artifacts aside from the expected B 1 inhomogeneity were associated with the presence of the RFPA module.
DISCUSSION
Here, we have demonstrated an improved RFPA module based on the CMCD topology with GaN FETs operating at 123. 25 MHz. The module was tested with a maximum output power of 130 W into an unbalanced 50 V port with an overall efficiency of up to 85%. This is as compared to the original module which drove a coil directly with a maximum output power of 40 W with g O ¼ 80% (21) . We also demonstrated that when operated near its maximum output power with a duty cycle of 10%, the peak junction temperature T J of the eGaN FETs remained under 80 C, even when only relying on the PCB for heat transport in still air. The use of forced air convection on the module further reduced the peak T J to 58 C. In the case that forced cooling is necessary to protect the amplifiers, the amplifiers must be protected in the case where the cooling system fails. A simple watchdog circuit should use the thermistors to inhibit the amplifiers when the board temperature rises beyond a safe threshold. In the future we aim to implement digital telemetry for status monitoring of each module.
The overall size of the module was 13.5 cm Â 4.3 cm Â 3.5 cm. All components, with the exception of the toroidal chokes, the output balun, and the printed circuit boards are available off the shelf, with an estimated bill of materials under $120 (in quantities of 1000). The power amplifiers themselves only contribute a small fraction of the overall size and cost of the module. These results suggest that even higher average power density could be yielded from the EPC2012C at 123 MHz. Large gains in output power capacity could likely be realized by using larger 200V eGaN FETs, such as the EPC2019 and EPC2010C.
The module does not rely on ferrite or powdered iron magnetic components, or any other ferrous materials, for its operation. However, many components do contain ferrous plating in their packaging and leads, most notably in ceramic capacitors, many of which may be replaced with nonmagnetic equivalents at greater cost (33) . Imaging experiments demonstrated the use of a module as an in-bore RFPA. The presence of the module within the bore did not produce any noticeable artifacts in the images.
The primary challenge associated with the CMCD topology is control of coil current. The module shows significant AM-PM distortion which arises from the capacitances in the eGaN FETs. Additionally, the dynamic range of the class S amplifier was limited to 36 dB, mainly due to the minimum pulse width of the gate driver. We also observed drift in the phase of the RF ouput due to temperature drift. All of these effects may be mitigated by use of minimum envelope roughness techniques as proposed by Grissom et al (34) . Modelbased predistortion (8) or iterative feedback methods (9,10) would likely be necessary for adequate control of coil current. A more ambitious approach would be to use real-time complex feedback methods such as cartesian (11, 13) and polar (23) feedback.
The high power efficiency of the RFPA module will be beneficial for anatomy-specific local pTX systems requiring high channel counts. Thermal management is greatly simplified, and the size of the amplifiers can be reduced compared with linear class RFPAs, allowing them to be located inside the magnet bore. This would greatly decrease the need for RF power cabling, which is a significant driver of cost in pTX systems. It is also plausible that high efficiency modules would be suitable for full body pTX arrays, with the amplifiers located just outside the scanner bore.
